Peroxisomes: The extended shuttle to the peroxisome matrix  by Kunau, Wolf-H
Dispatch R659
Peroxisomes: The extended shuttle to the peroxisome matrix
Wolf-H. Kunau
A recent study indicates that protein import into the
peroxisomal matrix occurs by a possibly unique
mechanism involving the shuttling of cargo receptors
into and out of the organelles.
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The transport of proteins from their site of synthesis at
the ribosomes to their site of function plays a fundamental
role in establishing and/or maintaining the structures of a
eukaryotic cell. For proteins that are post-translationally
sorted from cytosolic pools to their correct target mem-
brane and translocated into the organelle — such as those
destined for the endoplasmic reticulum [1], mitochondria
[2] or chloroplasts [3] — this is typically achieved by
membrane-bound receptors associated with a multiprotein
complex known as a translocon. The translocon acts as an
import channel which transports fully, or at least partially,
extended polypeptides through a membrane.
In the case of the import of matrix proteins into perox-
isomes, however, the situation is different in several aspects
[4,5]. The peroxisome import receptors, Pex5p and Pex7p,
which specifically bind the two well-established peroxiso-
mal targeting signals, PTS1 and PTS2, respectively, are
predominantly cytosolic proteins. Neither receptor has a
hydrophobic stretch of amino acids which could serve as
transmembrane domain. Moreover, there are also reports
that the two import receptors can be found in the matrix of
peroxisomes [6]. Finally, there is convincing evidence that
the peroxisomal import machinery can accommodate
folded and even oligomeric proteins [7]; in this respect it
resembles th ∆pH(Tat) pathway of chloroplast thylakoids.
The observation that the PTS2 receptor Pex7p of budding
yeast, Saccharomyces cerevisiae, occurs predominantly in the
cytosol led us, in 1994 [8], to propose a ‘shuttle’ model for
the action of this protein. In this model (Figure 1), the
receptor is proposed to cycle between the cytosol and the
outer face of the peroxisomal membrane. The receptor
binds the cargo proteins in the cytosol, and then the
cargo–receptor complex docks at the peroxisomal mem-
brane by binding to a putative docking protein. After the
release of the cargo, the free receptor returns back to the
cytosol. In recent years, evidence has accumulated in
support of this model. Given the need to reconcile the
observations that the receptors can be localized in the
peroxisome matrix, the model was extended to include the
possibility that the shuttle might include entry of the
receptor molecules into the peroxisome. Support for this
view has come from important new work by Dammai and
Subramani [9], who have convincingly shown that, in
mammalian cells, the PTS1 receptor Pex5p does indeed
enter peroxisomes.
The receptor shuttle
The puzzling observations on the different cellular
locations of the PTS receptors Pex5p and Pex7p — ranging
from cytosolic to exclusively peroxisomal — were initially
thought to reflect the use of different tags or expression
levels in the experiments. But three developments have
led to acceptance of the view that cycling receptors are a
conserved feature of protein import into the peroxisomal
matrix. First was the identification of docking protein(s),
confirming the prediction of the original simple shuttle
model [8]. Second, experimental studies suggested that the
PTS1 receptor undergoes repeated cycles of Pex5p import,
with the possibility that the receptor molecule may even
insert into the peroxisomal membrane [10,11]. Third, the
surprising finding that large oligomeric protein complexes
can enter the peroxisome in a PTS-dependent manner [7]
made the notion more likely that a cargo–receptor complex
actually penetrates the membrane. 
To provide directionality to matrix protein import into
peroxisomes, the shuttle mechanism requires the peroxi-
somal membrane to have docking proteins that recognise
the cytosolic receptor–cargo complex. The most likely can-
didate docking proteins among the 23 known peroxisomal
proteins, or peroxins [12], are Pex13p [13–15] and Pex14p
[16,17]. Both proteins have properties consistent with such
a function. They are accessible at the outer face of the
peroxisomal membrane, interact with the PTS receptors
Pex5p and Pex7p, and bind to other membrane-bound
peroxins which could be components of a putative import
machinery. The functional interrelationship between
Pex13p and Pex14p has not yet been fully elucidated.
Mutant yeast cells defective for either protein lack both
PTS1 and PTS2 pathways [13–17], so Pex13p and Pex14p
do not have redundant functions and obviously do not
perform the docking function independently from each
other. It is not yet clear, however, whether Pex13p and
Pex14p act sequentially or in a single docking step per-
formed by a complex containing both proteins. 
Studies of the PTS1 receptor Pex5p in fibroblast cell lines
were instrumental in establishing the model of a cycling
R660 Current Biology Vol 11 No 16
receptor. They were first to show that this protein shuttles
between the cytosol and peroxisome in vivo [10]. Under
conditions when protein translocation into peroxisomes was
blocked, the PTS1 receptor accumulated on or near the
surface of peroxisomes. Moreover, when the translocation
block was released and then reimposed, Pex5p was first
released to the cytosol and then accumulated on the peroxi-
some again. The reinforced cycling occurred without signif-
icant degradation of Pex5p, as shown by metabolic labeling.
It thus appeared that Pex5p can cycle repeatedly between
cytosol and peroxisome. Furthermore, in cells mutant for
Pex2p, Pex10p or Pex12p, three ‘RING finger’ peroxins
implicated in translocation [18], Pex5p was found to accu-
mulate on the surface of, or even inside, the peroxisome
[10]. A later, more detailed investigation revealed that com-
plete loss of Pex12p function led to accumulation of Pex5p
at the outer face of the peroxisomal membrane, while
mutations leaving some residual activity allowed Pex5p
import into the peroxisome [11]. This was interpreted as
indicating that Pex5p actually enters the peroxisomal matrix
at one point of its cycle. The fact that Pex5p and Pex7p of
different yeast species were also found inside peroxisomes
seemed to support this view. A substantial body of data has
thus accumulated in support of the notion of a mobile
receptor cycle. But the extent to which the cargo–receptor
complex normally moves into, or across, the peroxisome
membrane has until now been unclear. 
Pex5p enters and leaves the peroxisome
As explained above, peroxisomal matrix proteins are syn-
thesized on free polysomes and are directed into the
organelle post-translationally by at least two pathways,
dependent on the targeting signals PTS1 and PTS2 [4,5].
A minority of the matrix proteins have a PTS2, consisting
of nine amino acids near the amino terminus with consen-
sus sequence (R/K)(L/V/I)X5 (H/Q)(L/A). The best char-
acterized PTS2 protein is the β-oxidation enzyme thiolase.
It has been shown that in mammalian cells thiolase, in
contrast to other PTS2 proteins and all PTS1 proteins, is
synthesized as a precursor protein, prethiolase, which after
import into peroxisomes is matured by proteolytic removal
of a few amino-terminal amino acids [19]. The maturation
occurs inside peroxisomes and is not functionally coupled
to the import process.
Dammai and Subramani [9] elegantly exploited this
specific post-translational modification to investigate the
peroxisome receptor cycle, using well-selected tools for
this purpose. They designed fusion proteins consisting of
either wild-type or mutant versions of the prethiolase
PTS2 sequence, followed by the minimal prethiolase pro-
cessing site (PPS), the FLAG epitope (DYKDDDDK),
and either the short form of human Pex5p or the green flu-
orescence protein EGFP (Figure 2). Fusion proteins with
Pex5p — the actual probes — were used to demonstrate
that, independently of the PTS2 pathway, the PTS1
receptor can reach the intraperoxisomal protease and, after
cleavage, return to the cytosol. In contrast to Pex5p,
EGFP contains no information for returning from the per-
oxisomal matrix to the cytosol; if a processed EGFP
chimera were found in the cytosol, it would indicate that
the fusion proteins can be cleaved before entering the
peroxisome.
Figure 1
The receptor shuttle model for protein import
into the peroxisomal matrix. The diagrams
illustrate the original (a) and extended (b)
versions of the model (see text for details). C,
cargo; R, receptor; D, docking protein; T,
translocon.
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The two Pex5p fusion proteins were able to restore the
ability of Pex5p-defective cells to carry out the peroxiso-
mal import of PTS1 proteins, indicating that they were
functional in vivo. It was therefore possible to determine
whether the fusion proteins docked at the outer face of the
peroxisomal membrane, or moved further in and became
accessible to the peroxisome-specific prethiolase protease.
The processing event could be monitored by a shift in
electrophoretic mobility or by using two different antibod-
ies against the FLAG epitope, M1 and M2. The M1 anti-
body recognizes the FLAG epitope only when it is present
at the extreme amino terminus of a protein, whereas the
M2 antibody recognizes it in any context within a polypep-
tide chain. Recognition of the FLAG epitope by the M1
antibody was diagnostic of proper cleavage of the receptor
fusion protein by the prethiolase protease. 
Using these tools, Dammai and Subramani [9] obtained the
first direct evidence in support of the extended version of
the proposed receptor shuttle. In stably transfected cell
lines, they found that most of the receptor fusion protein
was in the processed form in the cytosol, irrespective
whether it contained a wild-type or mutated version of
PTS2. In contrast, the EGFP chimera with the wild-type
PTS2 was processed and remained inside the peroxisomal
matrix, whereas the version with the mutated PTS2
remained unprocessed in the cytosol. These results demon-
strated, not only that the processed FLAG-tagged version
of Pex5p was generated in the peroxisome but, in addition,
that it was subsequently exported back to the cytosol. 
How far did the receptor fusion protein actually enter the
peroxisome? As they found the protein was in the processed
form, Dammai and Subramani [9] concluded that it must
have been transported into the matrix. Although this is
certainly possible, and the data presented are very sugges-
tive, it cannot yet rigorously be excluded that the fusion
protein might have been inserted into the membrane with
its amino-terminal site accessible to the prethiolase pro-
tease, and not actually transported across the membrane.
Recent data of Harano et al. [20] support this assumption:
they found protease- and bicarbonate-resistant Pex5p
inside the peroxisomal membrane and the cargo protein
acyl-CoA oxidase in the matrix. To unequivocally distin-
guish between the two possibilities, one would like to
know more about the properties of the prethiolase pro-
tease — particularly whether it cleaves only proteins that
have completely entered the matrix.
If the tagged-PTS1 receptor molecules indeed completely
enter the peroxisome matrix, this has intriguing mechanis-
tic implications. One would have to infer the existence of
an export signal, and export receptor and a translocation
machinery for reverse transport of the free receptor mol-
ecules from the matrix to the cytosol. The observation
that, in contrast to the Pex5p fusion, the processed EGFP
fusion was found only in the peroxisomal matrix, and not
in the cytosol, supports the idea that there is a specific per-
oxisome export pathway.
At first sight the mechanism of matrix protein import into
peroxisomes seems to be similar to the import and export
of nuclear proteins [21]. But the differences between the
two processes are larger than the similarities — Nature
does not always follow our desire for uniformity in mecha-
nism. We may have to accept the fact that protein import
into peroxisomes has a unique mechanism.
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for details.
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